]vincristine) accumulation in these cells. Furthermore, a good correlation was detected between P-glycoprotein levels and the MDR-reversing effect of valspodar. In contrast, the effects of cyclosporin A could not be linked to P-glycoprotein levels in the MDR cells. In addition, the intracellular accumulation of valspodar was found to be 3-6 fold higher than that of cyclosporin A in four sublines and verapamil, an inhibitor of P-glycoprotein-mediated transport, enhanced the accumulation of cyclosporin A, but not valspodar. These results suggested that valspodar accumulation is not actively regulated by the P-glycoprotein-mediated efflux system.
Multidrug resistance (MDR) is one of the major obstacles to cancer chemotherapy. It has been well established that P-glycoprotein encoded by MDR1 gene plays an important role in MDR. 1) A variety of reversing agents has been investigated for the ability to reverse P-glycoproteinmediated MDR. These include calcium channel antagonists (verapamil 2) ), calmodulin antagonists (trifluoperazines 3, 4) ), immunosuppressants (cyclosporin A 5, 6) , FK506 7) ) and antimalarial drugs (quinidine 8) ). These agents have been called first-generation MDR modulators. Unfortunately, clinical studies of many of these first-generation MDR modulators revealed severe toxic effects such as cardiotoxicity and nephrotoxicity through modulation of physiological pathways. 9) These toxic effects make it difficult to achieve therapeutically effective blood levels of the agents.
To overcome these problems, less toxic and more specific second-generation inhibitors of P-glycoprotein have been investigated by several investigators. Nifedipine derivatives (AHC52 10) ), quinoline derivatives (MS209 [12] [13] [14] )) have been reported to be potent in reversing MDR with less toxicity. Valspodar and cyclosporin A differ from each other in only two chemical modifications. In valspodar, the β-hydroxy amide in cyclosporin A is replaced by a β-keto amide, and an ethyl group is replaced by an isopropyl group. 14) In spite of the minor nature of the structural modifications, valspodar, in contrast to cyclosporin A, is non-immunosuppressive and non-nephrotoxic, and was found to be a more potent Pglycoprotein inhibitor than cyclosporin A in terms of both restoring the sensitivity of MDR cells and prolonging the survival time of tumor-bearing mice. [12] [13] [14] Furthermore, it was reported that photoactive analogues of cyclosporin bind directly to P-glycoprotein and this binding was inhibited by valspodar and cyclosporin A. 15) These results indicate that the molecular target of two cyclosporin derivatives is P-glycoprotein. However, it has been unclear what mechanisms contribute to the differential potency of valspodar and cyclosporin A in overcoming MDR. This prompted us to study the possibility that the level of Pglycoprotein in resistant cells could be correlated to the difference in activity found between valspodar and cyclosporin A.
Due to the diversity of the species and origin of MDR cell lines, little is known about the difference in potency between valspodar and cyclosporin A in an isogenic phe-notype background. Thus, we established a series of adriamycin-resistant sublines of a human colorectal carcinoma HCT-15 by continuous exposure to adriamycin and confirmed that they express different amounts of P-glycoprotein. In this study, we demonstrated that intracellular accumulation of valspodar, unlike cyclosporin A, is not influenced by verapamil, a competitive inhibitor of P-glycoprotein. This suggests that P-glycoprotein regulates the intracellular level of cyclosporin A, but not valspodar, and this might be the basis for the differential potency between valspodar and cyclosporin A in reversing MDR. 25, 50 and 200 ng/ml. Parental and resistant sublines of HCT-15 were maintained in RPMI-1640 medium (Nissui, Tokyo) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, and 100 µg/ml kanamycin in an atmosphere containing 5% CO 2 at 37°C. HCT-15/ ADM1, HCT-15/ADM2 and HCT-15/ADM2-2 cells were maintained in the medium containing 25, 50 and 200 ng/ ml adriamycin. Immunoblotting for P-glycoprotein Plasma membraneenriched fractions from parental and resistant sublines of HCT-15 were prepared by differential centrifugation as described previously.
MATERIALS AND METHODS

Materials
16) The immunoblotting of P-glycoprotein was performed as previously described 17, 18) with minor modifications. In brief, the samples were dissolved in the Laemmli sample buffer 19) without boiling prior to loading. Protein (20 µg) was separated by 4-20% sodium dodecyl sulfate-polyacryl amide gel electrophoresis (SDS-PAGE) and transferred electrophoretically to Imobilon sheets (Millipore, Tokyo) for immunoblot analysis as described previously. 20) The blots were probed with 1 µg/ ml of JSB-1, followed by horseradish peroxidase-conjugated anti-mouse IgG (1/300 dilution). The expression of P-glycoprotein was detected on X-ray film (Kodak, Tokyo) using an enhanced chemiluminescence system (Amersham, Rochester, NY). The density of bands derived from sublines of HCT-15 was quantitated using scanning densitometry (EPScan 1.20, Image 1.43 for Macintosh). Relative expression levels of P-glycoprotein in resistant sublines were calculated as ratios to that of parental HCT-15. Detection of P-glycoprotein expression by flow cytometry For determination of P-glycoprotein expression, 21) 
3×10
6 cells in staining buffer (Dulbecco's phosphate-buffered saline supplemented with 5% FBS and 0.2% sodium azide) were incubated with 10 µg/ml of either MRK-16 or isotype-matched mouse IgG2a for 1 h at 4°C. The cells were washed twice with staining buffer, and then incubated with 0.175 mg/ml of FITC-labeled goat anti-mouse IgG for 1 h at 4°C. After several washes with staining buffer, the cells were passed through a 200 µm nylon mesh and resuspended in staining buffer. Fluorescence intensity (excitation wavelength=488 nm) was determined by means of an Epics flow cytometer (Coulter Electronics, Hialeah, FL).
The specific binding of primary antibody was estimated by subtracting the fluorescence intensity of samples incubated with isotype-matched IgG from the fluorescence of samples incubated with primary antibody. The relative expression level was expressed as a ratio of the specific fluorescence intensity of resistant sublines to that of parental cells. In vitro growth inhibition assay XTT assay was carried out as described previously. 22) In brief, the cells were seeded in 96-well tissue culture plates at a density of 5×10 3 cells/well. The cells were incubated for 24 h, then drug treatments were initiated. The cells were exposed to the drugs for 72 h, and relative cell growth was assessed by means of staining with XTT. After a 4 h incubation with the tetrazolium dye, the absorbance at 450 nm was measured by use of a microplate reader (Molecular Devices Corp., Menlo Park, CA). The IC 50 value was defined as the concentration inhibiting the tumor cell growth by 50%. The increase of drug-sensitivity by cyclosporin derivatives was expressed as a sensitization factor.
The sensitization factor was determined by dividing the IC 50 value without modulator by the IC 50 value with modulator. Relative resistance to anticancer drugs was determined by dividing the IC 50 value of a resistant subline by that of the parental cells. P-Glycoprotein function assay P-Glycoprotein function was investigated by rhodamine 123 assay. Rhodamine 123 23) is a fluorescent substrate for P-glycoprotein. The four sublines of HCT-15 in growth medium were seeded in 24-well tissue culture plates (10 6 cells/well) and incubated for 24 h. The growth medium was removed and replaced by incubation medium (Hanks' balanced salt solution supplemented with 10 mM Hepes buffer and 10% FBS) with or without cyclosporin derivatives, and then cells were incubated for 15 min at 37°C. Rhodamine 123 was added to reach a final 10 µg/ml and the cells were further incubated for 30 min. After several washes with ice-cold phosphate-buffered saline (PBS), the cells were trypsinized and suspended in PBS. Intracellular fluorescence intensity (cumulative fluorescence, emission wavelength=530 nm, excitation wavelength=485 nm) was determined by means of a fluorescence plate reader (CytoFluor 2350, Millipore, Corp., Bedford, MA).
To estimate rhodamine 123 retention, the cells were further incubated with or without cyclosporin derivatives in rhodamine 123-free incubation medium for 30 min at 37°C. They were washed, and the fluorescence intensity (retention fluorescence) was determined by a fluorescence plate reader. Cell surface-associated fluorescence was also determined after adding ice-cold rhodamine 123 to the cells followed by immediate washing. Rhodamine 123 retention was determined by dividing the retention fluorescence by the cumulative fluorescence of the cells.
Rhodamine 123 retention
= retention fluorescence/cumulative fluorescence Rhodamine 123 retention ratio was expressed as a percentage ratio and calculated as follows:
Rhodamine 123 retention ratio (%)
Drug accumulation studies Accumulation studies were carried out as described previously. ]vincristine with and without 1 µg/ml valspodar, 1 µg/ml cyclosporin A or 6.8 µg/ml verapamil at 37°C for 2 h. Following the incubation, the cells were washed with ice-cold PBS and then lysed with 1 N NaOH at room temperature overnight. Aliquots were then assayed for radioactivity with a liquid scintillation counter (LS-6000TA, Beckman, Palo Alto, CA) and protein amount was determined by using a BCA kit (Pierce, Rockford, IL). Cellular drug levels of [ .77 fold resistance to adriamycin, the selection agent, compared to the parental cells. The resistant sublines were also cross-resistant to other anticancer drugs known to be substrates of P-glycoprotein. The cells demonstrated relative high resistance to epirubicin and taxol, relative low resistance to mitoxantrone, vincristine, etoposide, and no resistance to non-MDR-related anticancer drug, mitomycin C (Table I) . Relation of adriamycin sensitization factor and rhodamine 123 retention ratio to P-glycoprotein expression level. The adriamycin sensitization factor and the ratios of rhodamine 123 retention with MDR modulator to that without MDR modulator were plotted against the relative P-glycoprotein level of four sublines of HCT-15, which were separately determined by flow-cytometric assay. A positive correlation is seen between P-glycoprotein level, adriamycin sensitization factor and the ratio of rhodamine 123 retention with valspodar at least above 0.3 µg/ml, while no correlation was seen in the case of cyclosporin A (Pearson's correlation test Immunoblot analysis Parental HCT-15 cells intrinsically express a moderate level of P-glycoprotein, as was reported previously. 24, 25) To determine whether acquisition of adriamycin resistance is due to altered expression of Pglycoprotein, the plasma membrane fractions prepared from resistant cells were subjected to immunoblot analysis with JSB-1, a P-glycoprotein antibody. HCT-15 resistant sublines demonstrated an increase in P-glycoprotein levels by approximately 2-5 fold (Fig. 1) (Fig. 2a) . Valspodar at 0.3 µg/ml restored the adriamycin sensitivity of resistant cells to a level comparable to that of parental cells. Cyclosporin A also restored adriamycin sensitivity, but 1 µg/ml cyclosporin A was required to achieve the same reversing effect as that of 0.3 µg/ml valspodar. Valspodar also enhanced the cytotoxicity of other P-glycoprotein-transported anticancer drugs (e.g., epirubicin, mitoxantrone, vincristine, taxol and etoposide, Table II ) much more efficiently than cyclosporin A. Similarly, cyclosporin A up to 3 µg/ml did not significantly increase rhodamine 123 retention, but valspodar at 0.1 µg/ml restored full rhodamine 123 retention in the resistant cells (Fig. 2a) . Correlation between P-glycoprotein expression and activity of the cyclosporin derivatives The correlation between P-glycoprotein levels and the effects of cyclosporin derivatives were analyzed in the HCT-15 sublines. As shown in Fig. 2b and Table III concentrations of less than 0.3 µg/ml. This lack of correlation with P-glycoprotein at low concentrations suggested that valspodar did not completely inhibit P-glycoprotein function. For cyclosporin A, no positive correlation between P-glycoprotein levels and adriamycin sensitization factor was observed at any concentration (r≤ −0.129, P≤0.690; Fig. 2b and Table III) . Similar results were obtained with other MDR-related anticancer drugs, and Fig. 3 presents the results for vincristine and taxol. The relation between P-glycoprotein levels and the inhibitory effects of cyclosporin derivatives on the transport function of P-glycoprotein was also studied in the HCT-15 sublines. At 0.05 to 3 µg/ml valspodar, the increase in rhodamine 123 retention showed a good correlation with P-glycoprotein expression level (r≥0.712, P≤0.0020; Fig. 2b and Table III ). In the presence of cyclosporin A, the ratio of rhodamine 123 retention at concentrations above 0.3 µg/ml also showed a positive correlation with P-glycoprotein levels ( Fig. 2b and Table  III ). These results indicated that the reversal of MDR by modulation of P-glycoprotein function was dose-dependent. In addition, we determined the intracellular accumulation of [ 3 H]vincristine in the resistant sublines and found that valspodar and cyclosporin A significantly enhanced intracellular accumulation levels of [ 3 H]vincristine. We found a good correlation between P-glycoprotein levels and the effect of valspodar on the accumulation of [ 3 H]vincristine (Fig. 3) . Such a correlation was not found for cyclosporin A. Next, the correlations between the MDR-reversing activities of 0.3 and 1 µg/ml valspodar and cyclosporin A were analyzed in the four sublines of HCT-15. Positive correlations were observed between sensitization factors to adriamycin, vincristine and taxol, increase in rhodamine 123 retention and vincristine accumulation (Fig. 4,  r≤0.925, P≤0.0141) . 
Intracellular accumulation of the two cyclosporin derivatives
The intracellular accumulations of two cyclosporin derivatives were determined in transport studies. We found that the intracellular accumulation of valspodar was 3-6 fold higher than that of cyclosporin A in the four resistant sublines (Fig. 5) . To verify the relation of valspodar and cyclosporin A intracellular accumulation levels to the modulating effects on MDR, the sensitizing effects to anticancer drugs, increase in rhodamine 123 retention and vincristine accumulation were plotted against intracellular modulator level (Fig. 6) . The comparisons indicated that the intracellular levels of valspodar and cyclosporin A showed good correlations with the sensitization factors to adriamycin, vincristine, taxol (r≥0.743, P≤0.0010), increase in rhodamine 123 retention and vincristine accumulation (r≥0.730, P≤0.0086). Verapamil effect on accumulation of the two cyclosporin derivatives To clarify the mechanism contributing to the difference in intracellular levels of the two cyclosporin derivatives, we investigated the effects of 6.8 µM verapamil on the intracellular accumulation of valspodar and cyclosporin A. Verapamil was reported to be a competitive inhibitor of P-glycoprotein. 26) Vincristine was used as a reference compound in these experiments. Accumulations of vincristine and cyclosporin A were significantly enhanced by verapamil (Fig. 7) , but no effect on valspodar accumulation was observed.
DISCUSSION
Overexpression of drug efflux transporters by cancer cells is an important factor in some of the clinical failures of cancer chemotherapy. In recent years, efforts have been made to identify agents that reverse the activity of P-glycoprotein, the most widely characterized drug efflux pump, and several compounds have been found. These include two cyclosporin derivatives, valspodar and cyclosporin A, that were identified as potent reversing agents. Although only minimal structural differences exist between the two drugs, valspodar was found to be a more potent MDR-reversing agent than cyclosporin A. [12] [13] [14] However, the basis for this difference in the potencies of valspodar and cyclosporin A is still unknown. In this study, we investigated the possibility that the level of P-glycoprotein in resistant cells could be correlated to the difference of potency between the two cyclosporin derivatives. HCT-15 sublines expressing relatively high levels of P-glycoprotein were more resistant to adriamycin, and other P-glycoprotein-transported anticancer drugs than the parental cells (Table I) . As previously described, [12] [13] [14] we observed that valspodar showed a 3 fold higher potency than cyclosporin A in restoring the sensitivity of the resistant cells to adriamycin (Fig. 2a) . In addition, the potency of valspodar, but not cyclosporin A, in sensitizing resistant cells to adriamycin, vincristine and taxol was correlated to the P-glycoprotein levels of the cells (Figs. 2b and 3) .
Similarly, differences in the potencies of the two cyclosporin derivatives were found in the function assay using rhodamine 123, a substrate of P-glycoprotein (Fig.  2a) . As observed in previous studies, 27) valspodar was also found to be 30 fold more potent than cyclosporin A in restoring rhodamine 123 retention (Fig. 2a) . Changes in the adriamycin, vincristine and taxol resistance-modulating patterns of the two cyclosporin derivatives also were correlated with the increasing rhodamine 123 retention (Fig. 4) . Therefore, the MDR-reversing activity of the two cyclosporin derivatives was dependent on the different restoring ability for P-glycoprotein-transport of the substrate in the resistant sublines.
In this study, we also evaluated intracellular accumulation of valspodar and cyclosporin A in the cells. The concentrations of valspodar in the cells were 3-6 fold higher than that of cyclosporin A (Fig. 5) . A good correlation was found between the intracellular concentrations of the two cyclosporin derivatives and their reversing effects on adriamycin, vincristine and taxol resistance or ability to restore [ 3 H]vincristine accumulation and rhodamine 123 retention (Fig. 6 ). This indicated that the higher intracellular level of valspodar in the cells resulted in the different potencies of the two cyclosporin derivatives.
To clarify the mechanisms contributing to the difference in intracellular levels of valspodar and cyclosporin A, we next determined the intracellular accumulations of two drugs with or without verapamil, a P-glycoprotein inhibitor that competes for vinblastine binding sites on P-glycoprotein. 26) Verapamil appeared to have different effects on the transport of the two cyclosporin derivatives in the cells. The accumulation of cyclosporin A in resistant sublines was enhanced by verapamil, while no increase in the accumulation of valspodar was induced by verapamil in the same sublines (Fig. 7) . Therefore, in spite of the minimal nature of the structural difference between valspodar and cyclosporin A, the cyclosporin derivatives appear to have different transport characteristics in P-glycoproteinexpressing cells. As previously reported, since cyclosporin A can be effluxed by P-glycoprotein, 15) the lower intracellular accumulation of cyclosporin A than valspodar in the resistant cells may be a result of the ability of P-glycoprotein to pump cyclosporin A. Valspodar, on the other hand, cannot be pumped by P-glycoprotein. Such changes in the intracellular accumulation of cyclosporin A, but not valspodar, could result in the apparently greater MDR-reversing effect of valspodar than cyclosporin A in the resistant cells. Furthermore, in the absence of verapamil, the accumulation of cyclosporin A in the P-glycoprotein-overexpressing resistant cells seems not to be lower than that in the parental HCT-15 (Fig. 7) . In contrast to cyclosporin A, the accumulation of vincristine, a reference P-glycoprotein substrate, is clearly decreased in resistant cells. This discrepancy might be explained by the difference in electric charge between cyclosporin A and vincristine, vincristine being cationic whereas cyclosporin A is electronically neutral. A recent study demonstrated that cations are better substrates for P-glycoprotein than neutral agents.
28) Therefore, cyclosporin A may be transported much less efficiently than vincristine by P-glycoprotein, and this could result in the indistinct decrease of intracellular accumulation in resistant cells.
In another study, Smith et al. 29) demonstrated a low rate of efflux of valspodar in MDR1-transfected LLC-PK1 pig kidney cells. In their study, the Michaelis constant (K m ) of valspodar for transport was 4 fold lower than that of cyclosporin A and the maximal transport rate (V max ) of valspodar was 20 fold lower, demonstrating that the transport (k cat ) of valspodar is much slower than that of cyclosporin A. It is still not completely clear whether valspodar is transported by P-glycoprotein or not. However, we previously found 30) that the apparent K i value of P-glycoprotein for valspodar is 0.134 µM, by kinetic analyses of the inhibition by valspodar of verapamil-stimulated P-glycoprotein ATPase. Although direct comparison of the valspodar concentration is not meaningful because these values are dependent on the assay system used, the concentration of valspodar in the transport study was much higher than the above K i value. Smith et al. performed their transport study using 0.1 to 2 µM valspodar, and 0.3 µM was used in our study. The higher concentration seems to completely inhibit P-glycoprotein transport activity by itself. In addition, 14 C-labeled valspodar could not be used appropriately at lower concentration due to its low specific activity. Lower concentrations of 3 H-labeled valspodar might be more suitable for a transport study to evaluate whether valspodar is transported or is a poor substrate for P-glycoprotein.
The mechanism by which ATP hydrolysis causes a structural change of the protein to transport substrates is not completely understood. However, an alternative explanation for differential potency of valspodar and cyclosporin A might be different conformational changes in P-glycoprotein, which might influence ATP hydrolysis. This idea is supported by our previous results, showing that combined therapy with valspodar/cyclosporin A and antibody MRK-16 resulted in a synergistic inhibition of Pglycoprotein function. Pretreatment of HCT-15/ADM2-2 cells with valspodar modified the binding of antibody MRK-16 differently compared with the case of pretreatment with cyclosporin A. 30) From these findings it was suggested that alterations of P-glycoprotein structure by the two cyclosporin derivatives might account for the difference in their MDR-reversing potency. In addition, although both cyclosporin derivatives inhibited basal Pglycoprotein-ATPase with the same affinity, valspodar was more potent than cyclosporin A in inhibiting the substratestimulated activity. 31) Our study suggested that one of the clinical benefits of valspodar is that the extent of modulation in tumors seems to be greater than that in normal tissues. However, in recent reports of randomized trials, valspodar failed to improve complete remission rates or survival when used in combination chemotherapy against leukemia. 32, 33) Since valspodar changes not only intracellular pharmacokinetics in tumors, but also systemic pharmacokinetics of drugs in normal tissues, the administration dose had to be reduced to avoid increased toxicity by combined use of anticancer drugs and valspodar. Altered adriamycin pharmacokinetics, increased central nervous system toxicities, and augmented emetic reaction indicated that systemic pharmacokinetics was changed by valspodar in normal tissues of patients.
In conclusion, our results demonstrated that valspodar was much more effective than cyclosporin A in four HCT-15 sublines with a range of P-glycoprotein levels. Intracellular accumulation of valspodar, unlike cyclosporin A, is not regulated by P-glycoprotein-mediated efflux in spite of the structural similarity of the two agents. These differences in transport characteristics between the two cyclosporin derivatives should provide a better insight into the basis of the different potencies of valspodar and cyclosporin A to reverse MDR. 
